. Dynamic fibroblast cytoskeletal response to subcutaneous tissue stretch ex vivo and in vivo.
mechanotransduction; connective tissue; tensegrity; musculoskeletal manipulations; acupuncture CYTOSKELETON-DEPENDENT CHANGES in cell shape are known to have profound effects on many cellular functions. A vast and growing literature has shown the importance of cytoskeletal regulation on nearly every fundamental biochemical process and cellular event (4, 24 -26) . It is also becoming increasingly apparent that both mechanical forces generated within the cytoskeleton of cells and externally applied forces are important determinants of both cell shape and cell function (10) . Mechanotransduction-the ability of cells to perceive and biochemically interpret these forces-is an area of intense study and growing importance, given its pivotal role in signal transduction and cell function. Indeed, the effect of mechanical forces on cell shape is emerging as a key regulatory mechanism at the cellular, tissue, and organ levels.
Although the importance of internal and external mechanical forces on cell function and shape is well recognized, the near totality of evidence supporting these concepts is from cell culture experiments. Fibroblasts grown in cell culture have a markedly different appearance depending on whether they are grown on a two-dimensional (2D) vs. a three-dimensional (3D) matrix and whether this matrix is restrained (mechanically loaded) or floating (20) . Cultured fibroblasts take on a "dendritic" phenotype (small globular cell bodies and long branching processes) when grown on 3D matrices but develop expanded, flatter cell bodies with shorter processes when grown on planar surfaces (19) . Importantly, switching between these different phenotypes is associated with differential activation of signaling pathways such as activation of Rho kinase (37) . Although the dendritic phenotype is thought to correspond to the natural "resting state" of fibroblasts, whereas the "sheetlike" phenotype is thought to be induced by mechanical stimulation or injury (20) , this has not been verified in whole tissue ex vivo or in vivo.
The primary objective of this study was to characterize the response of fibroblasts to stretching of loose connective tissue. Loose connective tissue forms a continuous network throughout the body, including subcutaneous and interstitial connective tissues surrounding and permeating muscles and organs. Therapeutic mechanical deformation of loose connective tissue is used routinely in physiotherapy (e.g., in stress-relaxation techniques), as well as in many "alternative" therapies such as massage, myofascial release, and osteopathic and chiropractic manipulations. In addition, acupuncture was recently shown to cause winding, pulling, and deformation of subcutaneous connective tissue (30) . Mechanotransduction through connective tissue with resultant effects on fibroblast cell shape and function was recently proposed as a mechanism for the therapeutic effect of acupuncture (29) . Understanding the downstream cellular and molecular effects of mechanotransduction in loose connective tissue may therefore give key insights into the therapeutic mechanisms of a variety of treatments for musculoskeletal pain.
Our group recently showed (31) that, in mouse subcutaneous tissue excised and fixed immediately after death, fibroblasts have long branching processes and form an extensively interconnected cellular network. In the present study, we used ex vivo and in vivo mouse subcutaneous tissue models to investigate whether the morphology of this cellular network is responsive to changes in tissue length. We hypothesized that tissue stretch has an effect on fibroblasts' cell shape and that this effect is dependent on an intact cytoskeleton. We used quantitative morphometric analyses of histochemically stained tissue imaged with confocal microscopy, allowing differentiation of dendritic vs. expanded cell body morphologies. Unlike cell culture experiments, this in situ approach allowed examination of fibroblast cytoskeletal changes in a "native" environment where cell-matrix and cell-cell connections are maintained.
MATERIALS AND METHODS
Three complementary sets of experiments were performed: 1) ex vivo experiments to evaluate the influence of tensile stretch on fibroblast morphology (as controls for these experiments, we evaluated tissue fixed before and after excision), 2) in vivo experiments to evaluate whether stretch has similar effects on fibroblast morphology in vivo as ex vivo, and 3) pharmacological experiments to evaluate which cytoskeletal elements contribute to altered fibroblast morphology under stretch. Our primary outcome measures were cell body cross-sectional area, cell body perimeter, cell field perimeter, cell body-to-field ratio, and cell body thickness (see Confocal scanning laser microscopy and morphometric analysis for detailed definitions). An additional secondary outcome measure was the number of cellto-cell connections.
Ex vivo experiments. This series of experiments was performed to test the hypothesis that fibroblast cell morphology is affected by tensile stretch ex vivo. Twenty-three C57BL/6 mice (19 -24 g) were killed by decapitation. Immediately after death, an 8 cm ϫ 3 cm tissue flap containing dermis, subcutaneous muscle, and subcutaneous tissue was excised from the back of the mouse. The transverse length of the excised tissue sample was measured and marked on the skin of the mouse before excision. After dissection, the tissue flap's transverse length was measured again, with the tissue laying flat. The tissue flap was then placed transversely in grips (Fig. 1A) and immersed in HEPES-physiological saline solution, pH 7.4 at 37°C, containing (in mM) 141.8 NaCl, 4.7 KCl, 1.7 MgSO 4, 0.39 EDTA, 2.8 CaCl2, 238.3 HEPES, 1.2 KH2PO4, and 5.0 glucose. The grips and tissue were then placed vertically in a holder (Fig. 1B) with the proximal grip connected to a 500-g (4.9 N)-capacity load cell. The distance between the two grips was measured with the tissue extended but loose and the load cell measuring zero. Unstretched tissue flaps were incubated at this length. Stretched tissue was elongated by advancing a micrometer connected to the distal tissue grip. The tissue was elongated at a rate of 1 mm/s until a load of 0.02 N was registered and then maintained at that length for the duration of the incubation. Incubation time for both stretched and unstretched tissue flaps was 10, 60, or 120 min. At the end of incubation, the tissue was immersion fixed in 95% ethanol for 1 h.
For control tissue fixed before excision, three C57BL/6 mice were killed by decapitation and immersed in 95% ethanol immediately after death. With the whole animal immersed, an incision was made along the dorsal and ventral midline from the neck to the tail and ethanol was slowly injected subcutaneously along the incisions, taking care not to force separation of the subcutaneous tissue layer during injection. The whole animal was kept immersed in fixative for 1 h. An 8 cm ϫ 3 cm tissue flap was then excised from the back as above and immersion fixed for an additional 30 min. For control tissue fixed after excision, three C57BL/6 mice were killed by decapitation. Immediately after death, tissue flaps were excised from the back of the mouse as above and immersion fixed in 95% ethanol for 1 h.
In vivo experiments. These experiments were performed to verify that the effects of tissue stretch on fibroblast morphology observed ex vivo also occur in vivo. Six C57BL/6 mice were anesthetized with isoflurane. Once under anesthesia, each mouse was placed prone with its back curved laterally. The limbs on the left side of the body were restrained such that the distance from the left shoulder joint to the left hip joint was half the distance from the right shoulder joint to the right hip joint (Fig. 2) . The right side was referred to as "extended" and the left side as "loose." The mouse was maintained in this position for 30 min while still under anesthesia and then killed by decapitation. Immediately after death, the whole animal was immersed in 95% ethanol, the skin was incised along the dorsal and ventral midline, and ethanol was injected subcutaneously through the incisions as described above. The whole animal was fixed for 1 h. Bilateral tissue flaps were then excised from the back and immersion fixed for an additional 30 min.
Ex vivo pharmacological experiments. Tissue flaps were excised and placed into grips as in ex vivo experiments. Immediately after placement of the grips into the holder and with the tissue unstretched, either colchicine (Sigma, St. Louis, MO) or cytochalasin D (Sigma) was added to the incubation bath at a final concentration of 100 M and 10 M, respectively, followed by a 30-min incubation without stretch. After this, the tissue was further incubated, either stretched or unstretched, for an additional 2 h and then immersion fixed in 95% ethanol. Control samples were treated in the same manner but without the addition of inhibitors.
Histochemical staining. Phalloidin (a specific stain for polymerized actin) was used to visualize subcutaneous tissue fibroblasts with confocal microscopy for all ex vivo and in vivo experiments. After fixation, the tissue was rinsed overnight in phosphate-buffered saline (PBS), pH 7.4. Three subcutaneous tissue samples (each 10 mm ϫ 10 mm) were dissected from the tissue flap. Each whole subcutaneous tissue sample was placed flat on a glass slide and stained with Texas red-conjugated phalloidin (4 U/ml; Molecular Probes, Eugene, OR) for 40 min at 4°C and then counterstained for 2 min with SYTOX Green (Molecular Probes) nucleic acid stain. Samples were mounted on slides with 50% glycerol in PBS with 1% N-propylgallate as a mounting medium and overlaid with a glass coverslip.
Confocal scanning laser microscopy and morphometric analysis. Histochemically stained subcutaneous tissue samples were imaged with a Bio-Rad MRC 1024 confocal microscope (Bio-Rad Microsciences, Hercules, CA) with a ϫ60 oil immersion lens (numerical aperture 1.4), 568-nm laser excitation, and iris aperture of 2.7. Each sample was divided into six roughly equal-sized areas, and one field was chosen at low power (ϫ10) at the center of each area. For each field, a stack of 20 (313 m ϫ 313 m) images was acquired at a 1-m interimage interval. Image stacks were imported into the analysis software package MetaMorph (version 6.0; Universal Imaging, Downingtown, PA) for morphometric analysis. In each stack, all cells that were in focus in the 10th optical section (middle of stack) were measured. A cell was excluded if part of its cell body perimeter was outside the image. Cells were not identified as either fibroblasts or nonfibroblasts. Instead, all cells were measured, with the assumption that fibroblasts are the overwhelmingly predominant cell population in this tissue. An average of 26 (SD 9) cells were measured per excised tissue flap. For each cell, a wire frame of cell body perimeter and cell field perimeter was constructed (Fig. 3) .
Cell body perimeter was defined as the outline of the cell's cytoplasm projected in the plane of the image excluding cell processes. A cell process was defined as an extension of a cell's cytoplasm longer than 2 m and less than 2 m in width at any portion of its length. Processes were identified in plane and out of The fibroblast in stretched tissue (C) has a "sheetlike" morphology with a high cell body cross-sectional area and high cell body-to-field ratio (ratio of cell body perimeter to cell field perimeter). In contrast, the fibroblast in unstretched tissue (F) has a "dendritic" morphology with a low cell body cross-sectional area and low cell body-to-field ratio.
plane by following each one through successive optical sections within the image stack. Cell body cross-sectional area was calculated as the area delimited by the cell body perimeter projected onto the image plane.
Cell field perimeter was defined as the sum of segments connecting the end of all visible cell processes. If a process extended from one cell to another, the midpoint of the process was chosen as the end of that process. The cell field perimeter was used in this study as an indication of the "territory" occupied by the cell, including cell processes. Note that in some cases where cell bodies were large and cell processes were short, the cell body perimeter could approach and even exceed the cell field perimeter (Fig. 2B) .
Cell body-to-field ratio was calculated as the ratio of cell body perimeter to cell field perimeter. The cell body-to-field ratio was used in this study as an indication of the size of the cell body relative to the territory occupied by the whole cell including cell processes. A cell with a sheetlike morphology (large flat cell body and short processes; see Fig. 3, A and B) has both a high cell body area and a high cell body-to-field ratio. In contrast, a cell with a dendritic morphology (small cell body, long processes; see Fig. 3, C and D) is characterized by both a low cell body area and a low cell body-to-field ratio.
Cell body thickness was estimated by counting the number of individual optical sections in which the cell body cross-sectional area exceeded 4 m 2 , multiplied by the optical section thickness (1 m). For cell-to-cell connections, in a subset of images (tissue samples incubated ex vivo with and without stretch for 2 h) we also counted 1) all "blind-ended" processes and 2) all "joining" processes, defined as processes that appeared continuous with confocal microscopy (i.e., without a visible break from one cell to another) as previously described (31) .
Statistical methods. For ex vivo experiments, two-way analyses of variance were used to test for differences between experimental conditions for each morphological outcome measure. The two factors represented stretch condition (stretch vs. no stretch) and incubation time (10, 60, and 120 min). If a significant interaction was detected, indicating that the effect of stretch was time dependent, comparisons between stretch and no-stretch conditions within each time point were performed with Fisher's least-significant difference (LSD) test. Dunnett's procedure, which controls type I error rate experimentwise, was used to compare each condition to tissue fixed before excision and after excision. Paired t-tests were used to compare extended and loose conditions for in vivo experiments. For all analyses, the experimental unit was considered the excised tissue flap, in which the observation represented the mean of all cell measurements made across multiple subcutaneous tissue samples and images. Statistical analyses were preformed with SAS statistical software (SAS Institute, Cary, NC). Significance was determined based on ␣ ϭ 0.05.
RESULTS

Effect of pre-vs. postexcision tissue fixation.
Mean transverse length of excised tissue samples was 6.2% (SD 2.1) shorter relative to in vivo transverse tissue length. In tissue fixed immediately after excision, fibroblast cell bodies were smaller in the plane of the tissue compared with cell bodies in tissue fixed by subcutaneous tissue injection before excision (Fig. 4, A and B) . Mean cell body cross-sectional area, cell body perimeter, and cell field perimeter were 51%, 40%, and 37% lower, respectively, when tissue was fixed after excision Fig. 5) . However, the cell body-to-field ratio (ratio of cell body perimeter to cell field perimeter) was not significantly different between the two conditions. There was also no evidence of a difference in mean cell body thickness in tissue fixed before vs. after excision ( Table 1) .
Effect of tissue stretch ex vivo. Stretching the samples to a peak load of 0.02 N (equivalent to the weight of a 2-g mass) resulted in mean tissue elongation of 25.4% (SD 9.5) relative to the length of tissue extended but loose, with the load cell measuring zero. Fibroblasts in stretched tissue had large cell bodies similar to those fixed before excision (Fig. 4, C and E) . In contrast, fibroblasts in unstretched tissue had markedly smaller cell bodies and longer processes (Fig. 4, D and F) . Tissue stretch ex vivo had a significant time-dependent effect on fibroblast cell body perimeter and cell body cross-sectional area (ANOVA time by stretch interaction, P Ͻ 0.01). Both measures increased as a function of incubation time under stretch conditions and displayed no significant time effect under no-stretch conditions (Fig. 5) . After a 2-h incubation time, mean cell body cross-sectional area and cell body perimeter were 201% and 75% greater, respectively, in stretched vs. unstretched tissue (Fisher's LSD, P Ͻ 0.05; Fig. 5 , Table 1 ). Furthermore, the temporal increase observed for these measures under the stretch condition resulted in the 2-h time point not being significantly different from tissue fixed before excision (Dunnett's procedure; Table 1 ).
Tissue stretch ex vivo resulted in no significant effect on the cell field perimeter (ANOVA stretch effect, P ϭ 0.11; Fig. 5 ). The size of the cell field perimeter significantly increased with duration of incubation independent of whether the tissue was stretched or unstretched (ANOVA time effect, P ϭ 0.009). Mean cell field perimeters for both the stretched and unstretched 10-min incubation conditions were significantly different from those obtained from tissue before excision (Dunnett's procedure, P Ͻ 0.05; Table 1 ). Only the 120-min stretch condition resulted in a cell field perimeter significantly different from that obtained after excision (Dunnett's procedure, P Ͻ 0.05).
Tissue stretch also had a significant time-dependent effect on the cell body-to-field ratio (ANOVA time by stretch interaction, P ϭ 0.03; Fig. 5 ). With increased incubation time, cell bodies in unstretched tissue became smaller relative to their cell field perimeter, whereas no significant time effect was observed in stretched tissue. Mean indexes for stretched and unstretched conditions were significantly different for the 2-h incubation time (Fisher's LSD, P Ͻ 0.05). When mean indexes of stretched and unstretched tissues were compared with preexcision and postexcision controls, the mean cell body-to-field ratio for the no-stretch 2-h condition was significantly different from that in both controls (Table 1) .
Together, these morphological measurements show that fibroblasts in stretched tissue had a sheetlike morphology (increase in both cell body cross-sectional area and cell body-tofield ratio). In contrast, fibroblasts in unstretched tissue had a dendritic morphology with longer processes (decreased cell body cross-sectional area and cell body-to-field ratio). These changes in cell shape were reversible: fibroblasts in tissue stretched for 2 h and then incubated loose for an additional 2 h had a dendritic morphology similar to those in unstretched tissue (data not shown).
Tissue stretch resulted in a modest but significant decrease in fibroblast cell body thickness (across the plane of the tissue) that was independent of time of incubation (ANOVA stretch effect, P ϭ 0.04). Overall mean cell body thickness was 8.05 and 6.55 m for no-stretch and stretch conditions, respectively. There was no evidence that any of the experimental conditions differed from those obtained directly before or after excision (Dunnett's procedure). These results therefore show that 25% tissue elongation ex vivo caused fibroblast cell bodies to become slightly flatter (23% decrease) relative to the plane of the tissue.
There was no significant difference between stretch and no-stretch conditions in the mean number of cell processes (39 Ϯ 4 and 41 Ϯ 8 for stretch and no stretch, respectively) or the percentage of cell processes that were joining other cell processes (27 Ϯ 3% vs. 33 Ϯ 5%). This was only examined in tissue incubated for 2 h.
Effect of tissue stretch in vivo.
Results of in vivo experiments examining the effects of tissue stretch on cell morphology paralleled the findings of the experiments conducted ex vivo. Tissue extended in vivo for 30 min had a significantly larger average cell body perimeter (paired t-test, P ϭ 0.01) and a greater average cell body cross-sectional area (paired t-test, P ϭ 0.003) compared with tissue that was loose in vivo for 30 min (Figs. 6 and 7, Table 2 ). Differences between extended and loose tissue conditions with respect to the average size of the cell field perimeter approached statistical significance (paired t-test, P ϭ 0.06). As with ex vivo experiments incubated for Results presented as means Ϯ SE. *Significantly different from fixed preexcision (Dunnett's procedure, P Ͻ 0.05); †significantly different from fixed postexcision (Dunnett's procedure, P Ͻ 0.05); ‡stretch significantly different from no stretch within time point (Fisher's least-significant difference test, P Ͻ 0.05).
2 h, the cell body-to-field ratio was significantly lower in loose vs. extended tissue in vivo for 30 min (paired t-test, P ϭ 0.03).
Ex vivo pharmacological experiments. Microtubules and actin microfilaments are principally responsible for rapid, dynamic changes in cell shape (17, 39) . To test the contribution of these major cytoskeletal elements to the morphological response to tissue stretch, explants were incubated with and without stretch for 2 h in the absence or presence of colchicine (to disrupt microtubules) or cytochalasin D (to disrupt microfilaments). The morphology of fibroblasts in tissue stretched in the presence of either inhibitor was dramatically altered compared with control stretched tissue (Fig. 8, A-C) , resembling more closely the morphology of cells in control unstretched tissue (Fig. 8D) . In contrast, when colchicine and cytochalasin D were added in the absence of stretch, cell bodies remained small as in the unstretched control (Fig. 8, D-F) . Therefore, both colchicine and cytochalasin D prevented the expansion of fibroblasts during stretch.
DISCUSSION
Subcutaneous tissue fibroblasts changed markedly in shape under the different experimental conditions. In tissue fixed by subcutaneous injection before excision, fibroblasts had a sheetlike morphology with wide cell bodies and short processes, reminiscent of cultured fibroblasts grown on stiff, flat surfaces. When tissue length was shortened both ex vivo and in vivo, fibroblasts became more dendritic, with longer cytoplasmic processes and globular cell bodies, similar in morphology to fibroblasts grown in loose or 3D matrices. When tissue was stretched, fibroblast cell bodies became wider and flatter. Ex vivo results demonstrated that fibroblasts returned to their preexcision shape when the tissue was stretched, suggesting that fibroblasts within subcutaneous tissue normally are under some amount of tensile prestress (consistent with several biomechanical studies reporting the presence of prestress in skin; Ref. 36 ). However, in vivo results also showed that, in the body and under physiological conditions, subcutaneous tissue fibroblasts changed shape depending on whether the tissue was loose or extended. In addition to pronounced changes in cell shape, our results suggest that fibroblast cell bodies also changed in size during tissue stretch. Although we did not directly measure cell body volume in this study, the increase in cell body cross-sectional area with stretch was an order of magnitude greater than tissue lengthening (201% vs. 25%), whereas cell body thickness decreased by 23%. Even if fibroblast cell bodies behaved as completely compressible materials (Poisson's ratio ϭ 0), such a large increase in cell body cross-sectional area could not have resulted passively from this amount of tissue deformation. Our results therefore show that connective tissue fibroblasts respond to changes in tissue length by active, pronounced, and reversible changes in both cell body size and overall cell shape.
In further support of an "active" mechanism underlying these changes in morphology, the addition of either colchicine or cytochalasin D to relaxed tissue prevented cell body expansion in response to subsequent tissue stretch. This suggests that both microtubules and microfilaments are necessary for stretch-induced cell body expansion. Although it is widely accepted that actin polymerization into microfilaments is the driving force for membrane and cell protrusion (5), work in recent years has shown an important synergy between microfilaments and microtubules in regulating dynamic changes in cell shape, for example, during cell motility and neuronal pathfinding (17, 18, 39) . A particularly intriguing example is the demonstration that microtubules migrate into microfilament-coupled adhesion sites under high tensile stress (27) . Thus both the cell geometry and inhibitor data presented above support a hypothesis in which tissue elongation exerts an initial stretch response in fibroblasts that stimulates a microfilamentand microtubule-dependent expansion of the cell body perimeter and acquisition of a larger, planar morphology.
Interplay between microtubules and microfilaments may also contribute to the apparent "contraction" of fibroblast cell bodies when tissue length was decreased. Although relatively little is known about the mechanisms governing the effects of matrix relaxation on cytoskeletal dynamics, it has been established that release of collagen gel tension can induce cultured fibroblasts to take on a spiny or dendritic morphology, with alterations in both microfilament and microtubule structure (20, 28) . Furthermore, disruption of microtubules can elicit an increase in actomyosin-based contractility (15, 32) , which may contribute to fibroblast contraction. Further experiments are needed to elucidate the biochemical mechanisms (including the respective roles of microtubules and microfilaments) that control cellular expansion and contraction responses to tissue tension.
Cytoskeleton-dependent changes in fibroblast shape in response to tissue stretch may have important implications for Results are presented as means Ϯ SE. *Significantly different from loose (paired t-test, P Ͻ 0.05). intracellular signaling as well as cell-to-cell signaling within connective tissue. Intracellular signaling mechanisms are known to be intimately linked to the status of the cytoskeleton (1, 22) . Disruption of actin cytoskeletal integrity can block signaling from cell surface receptors [e.g., receptor tyrosine kinases (2) and G protein-coupled receptors (14, 35) ] and can also disrupt passage of signals from the cytoplasm into the nucleus (3) . Synergy between signaling receptors, the cytoskeleton, and associated adhesion complexes is crucial for many aspects of normal cellular function (21, 22, 26) . Hallmarks include the establishment and maintenance of cell shape and position during embryonic development and modulation of cell shape in response to changes in the architecture of the extracellular environment (13, 16, 38) . Indeed, elegant investigations have demonstrated that cytoskeleton-dependent changes in actual cell shape can also dramatically affect many cellular functions. These include signal transduction (9), mRNA and ribosome localization (11) , transcriptional events (34), production of extracellular matrix (12) , and cell adhesion dynamics (8) . The consequences of regulating these individual functions manifest as shape-dependent control of higherorder cellular events such as cell division (9) , survival (9), movement (5), differentiation (23) , and the lineage commitment of stem cells (33) .
Given our current results demonstrating the dramatic effect of tissue tension on fibroblast cell shape, along with the considerable evidence for the importance of shape and mechanotransduction in determining function at the cellular level (4), it is a natural extrapolation to consider the effect of aggregate cell shape on function at the tissue level (25) . Loose connective tissue forms a bodywide tissue network. The fabric of this network, the collagenous extracellular matrix, is symbiotically linked to its resident cells, the fibroblasts, themselves interconnected in an extensive cellular network (31) . In this study, we found no significant change in the average number of fibroblast processes making contact between cells under our different tissue length conditions. It is possible that stretching the tissue by Ͼ25% may disrupt fibroblast processes or cell-to-cell contacts. However, at the level of tissue stretch used in this study, our results suggest that, during fibroblast contraction, cytoplasmic retraction may have involved detachment of some cell-matrix connections but existing cell-to-cell connections were maintained. The significance of these connections, and how they are affected by mechanical forces, is at present unknown. The findings of Brown et al. (6, 7) also suggest the intriguing possibility that the connective tissue network may be contractile. These authors found that cultured fibroblasts respond to external loads by exerting contractile forces in the opposite direction to the applied load (6). Ingber (24) proposed a mechanism by which compressive forces borne by microtubules are transferred to extracellular matrix adhesions when microtubules are disrupted, thereby increasing substrate traction. Brown et al. (7) proposed that, by such a cytoskeletal "tensegrity" mechanism, fibroblasts balance "stored" internal cellular tension with matrix tension, thus maintaining tissue tensional homeostasis levels against opposing influences of external loading. The morphological and cytoskeletal changes found in this study are in agreement with this model, illustrated in Fig. 9 . Another potentially important consequence of fibroblast responses to connective tissue tension may be homeostatic adjustment of interstitial fluid pressure and transcapillary fluid flow. Transmission of forces from fibroblasts to the extracellular matrix via focal adhesions has been shown to cause changes in interstitial hydrostatic pressure (40) . Alterations in these functions may play an important role in the influence of mechanical forces on the response to injury and inflammation.
In summary, mouse subcutaneous tissue fibroblasts exhibited pronounced cytoskeleton-dependent changes in cell size and shape in response to tissue stretch both ex vivo and in vivo. These results show that both dendritic and sheetlike fibroblast phenotypes occur normally and interchangeably in vivo in response to changes in tissue length. On the basis of extensive evidence in cultured cells, these morphological changes are likely to be accompanied by important modification of cell signaling, gene expression, and matrix adhesion and may also produce variable connective tissue tension. Thus loose connective tissue may become more or less loose in response to changes in tissue length, and these dynamic changes may be accompanied by important changes in cellular and tissue biochemistry. The dynamic fibroblast responses to changes in tissue length demonstrated in this study have important implications for our understanding of connective tissue responses to changes in posture, normal movement, and exercise. These cellular events may also be key to the therapeutic mechanism of a wide variety of treatments using mechanical stimulation of connective tissue including physical therapy, massage, and acupuncture.
